Small mammal assemblages in the aridlands of the Southern Hemisphere often have wildly fluctuating dynamics. Previous studies have attributed these fluctuations to climate-driven pulses in food resources resulting in the switching of trophic control from bottom-up (food-limited) to top-down (predation-limited) population regulation, and vice versa. In this study we use a meta-analytic approach to evaluate the evidence for the phenomenon of switching trophic control. If shifting trophic control is a unifying phenomenon that shapes small mammal assemblages in arid Australia, we would expect the abundance and species richness of small mammals to increase with increasing primary productivity and the abundance of small mammals to decrease with increasing predator abundances, which lag behind those of small mammals. We tested these predictions using data compiled from 6 unpublished and 2 published data sets containing time series (3-11 years) of small mammal and predator community dynamics. Our analyses provide moderate support for the notion that switching trophic control is a unifying phenomenon shaping small mammal assemblages. Also, our results provide evidence that top-down and bottom-up control are not mutually exclusive phenomena driving desert small mammal assemblages but rather alternative ecosystem states that exist along a rainfall-driven continuum of ecosystem energy flux through time.
Animal and plant populations vary in both space and time. Understanding the factors that influence such fluctuations is one of the major goals of population and community ecology. In recent years much debate has centered around the roles that bottom-up (food limited) and top-down (predation limited) processes have in determining the structure of ecosystems (Pace et al. 1999; Shurin et al. 2002) . Although many authors have treated these processes as being mutually exclusive, a growing body of research suggests that, within ecological communities, top-down and bottom-up effects often operate simultaneously and that their relative importance scales with spatial variation in primary productivity and the relative body sizes of predator and prey species (Hopcraft et al. 2010; Oksanen and Oksanen 2000) . Time-series studies also suggest that the importance of population regulation by food limitation or predation on individual animal species can vary because of temporal fluctuations in primary productivity (Letnic et al. 2005; Litzow and Ciannelli 2007; Meserve et al. 2003) . In particular, periodic pulsing of food resources driven by events such as mast seeding and extreme climatic events has been w w w . m a m m a l o g y . o r g identified as a factor that prompts switching of trophic control and regime shifts in ecological communities (Litzow and Cianelli 2007; Ostfeld and Keesing 2000; Yang et al. 2010) .
In arid environments generally the scarcity of water limits primary productivity (Noy-Meir 1973) . Rainfalls trigger biological, physical, and chemical activities that result in pulses of increased primary productivity (Huxman et al. 2004 ). The magnitude of such pulses following rainfall is dependent on the size of the rainfall event and the availability of nutrients and seeds (Ludwig et al. 1997) . Small rainfall events stimulate growth in perennial plants and the germination of short-lived plant species (Ludwig et al. 1997) . In contrast, exceptionally large rainfalls can prompt major biotic changes, resulting in widespread germination and growth of ephemeral, annual, and perennial plant species and the recruitment of perennial species such as trees and shrubs (Ludwig et al. 1997; Stafford Smith and Morton 1990) .
The population dynamics of small mammals in the arid environments of the Southern Hemisphere are influenced strongly by rainfall-driven pulses of primary productivity Lima et al. 1999; Meserve et al. 1995 Meserve et al. , 2003 Southgate and Masters 1996) and often are characterized by dramatic shifts in abundance in time and space. Temporal variation in mammal assemblages often is ascribed to fluctuations in the availability of food resources, and in Australia and South America it has been linked to episodic droughts and floods associated with the El Niño and La Niña phases of the El Niño Southern Oscillation (Jaksic and Lima 2003; Jaksic et al. 1997; Letnic et al. 2005; Previtali et al. 2010a) .
Although bottom-up control long has been considered the primary factor driving the dynamics of communities of desert small mammals, evidence that at certain times predation plays an overriding role in shaping species abundances and composition is increasing (Jaksic et al. 1997; Letnic et al. 2005 Letnic et al. , 2009a Letnic et al. , 2009b Lima et al. 2002; Meserve et al. 1999; Pavey et al. 2008) . Top-down control appears to be particularly prevalent following resource pulses, when numerical increases in predator populations result in an increase in the per capita rate of predation on small mammals (Jaksic et al. 1997; Letnic and Dickman 2010; Meserve et al. 1999; Pavey et al. 2008) . Because predators tend to have slower reproductive rates, increases in their populations normally lag behind those of small mammals (Jaksic et al. 1997) . When predator populations peak, high per capita rates of predation can result in brief periods of top-down control, which then drive catastrophic declines in the abundance of small mammals (Letnic et al. 2005) . When the population dynamics of Southern Hemisphere small mammals are considered at long timescales, much of the variability in their population dynamics has been ascribed to switching trophic control Dickman 2006, 2010; Meserve et al. 1999) , although density-dependent factors such as intraspecific competition also can play a strong role (Lima et al. 2002; Previtali et al. 2009 Previtali et al. , 2010a .
The ephemeral nature of small mammal populations in both time and space poses considerable problems for wildlife managers charged with the roles of managing their populations for purposes such as conserving biodiversity, protecting agricultural production, or managing outbreaks of disease (Letnic and Dickman 2010; Previtali et al. 2010b ). The problems that arise for managers are associated with predicting when and where irruptions will occur and whether irruptions will have flow-on effects on people or other wildlife and vegetation. In Australia, for example, rodent irruptions drive numerical increases in populations of introduced predators and, importantly, the potential effects that such increases can have on populations of rare and vulnerable species (Letnic et al. 2005; Pavey et al. 2008; Sinclair et al. 1998 ). The problems for managers are complicated further by observations that many desert small mammals do not show predictable patterns of habitat use (Körtner et al. 2007; Letnic et al. 2004; Masters et al. 2003; Paltridge and Southgate 2001) and that, consequently, habitat modifications using tools such as fire and grazing pressure might not provide predictable management outcomes (Letnic 2003 (Letnic , 2004 .
In a recent paper Letnic and Dickman (2010) presented a conceptual framework to describe spatial and temporal variation in mammal assemblages in arid Australia. The framework has 3 key elements. The 1st is that small mammal populations in arid Australia normally are limited by the availability of food resources except after heavy rainfalls or flooding when pulses of primary productivity allow for increased reproduction and successful recruitment. Consequently, following rainfall-driven resource pulses abundance and species richness of small mammals increase dramatically, particularly for murid rodents. The 2nd element is that small mammals in arid Australia are highly mobile; this allows the location and exploitation of food resources distributed in patches (Dickman et al. 1995; Letnic 2002) . The 3rd element is that trophic control of small mammal communities can switch rapidly from bottom-up to top-down control during periods of high resource availability (Letnic and Dickman 2010) . This is because increases in mammalian and avian predator populations, which typically lag behind irruptions of rodent populations by periods of as long as 12 months, can result in critical levels of predation on small mammals (Corbett and Newsome 1987; Letnic et al. 2005; Pavey et al. 2008) .
In this paper we use a meta-analytic approach to evaluate the evidence for the phenomenon of switching trophic control, encapsulated by the 1st and 3rd elements of the conceptual framework presented by Letnic and Dickman (2010) . If shifting trophic control is a unifying phenomenon that shapes small mammal assemblages in arid Australia, we would expect the abundance and species richness of small mammals to increase with increasing primary productivity and the abundance of small mammals to decrease with increasing predator abundances, which lag behind those of small mammals. We tested these predictions using data compiled from 6 unpublished and 2 published data sets containing time series (3-11 years) of small mammal and predator community dynamics. The specific hypotheses we tested are that 1) small mammal abundance is correlated positively with resource availability; 2) small mammal species richness is correlated positively with resource availability; and 3) small mammal abundance is correlated negatively with predator abundance. We used rainfall in the 6 months prior to trapping censuses as a proxy for resource availability to small mammals (Letnic et al. 2005) .
MATERIALS AND METHODS
Small mammals of arid Australia.-The small mammal fauna of arid Australia is dominated by 2 families, insectivorous and carnivorous marsupials belonging to the Dasyuridae and rodents in the Muridae (Table 1 ). The small (body mass , 20 g) dasyurids of the genera Sminthopsis, Ningaui, and Planigale are predominantly insectivorous, whereas the larger Dasycercus (90-150 g) tend to be more carnivorous Dickman 1993a, 1993b) . The murid rodents are predominantly omnivores, although 1 species (Pseudomys desertor) is primarily herbivorous (Murray and Dickman 1994; Murray et al. 1999) . All genera are quadrupedal except for Notomys, which is bipedal. Mus musculus is a recently introduced species that is thought to have arrived with European settlers.
Study areas and field methods.-Data were drawn from 8 study areas in New South Wales, Queensland, and South Australia (Fig. 1) . Data from 2 of the sites, Pelican Waterhole and Montecollina Bore, have been published previously (Moseby et al. 2006) . The data from Mooraberrie, Astrebla Downs, Bulloo Downs, Marra Creek, Field River, and Muncoonie Lakes have not been published previously. All lie within the arid zone (Williams and Calaby 1985) but differ substantially in habitats, land use, small mammal species composition (Table 1) , and sampling methods. Descriptions of the 8 areas follow.
Mooraberrie is a cattle grazing property in the Channel Country of southwestern Queensland (25u159S, 140u599E). The area comprises stony (gibber) plains, river floodplain, and large areas of parallel red sand dunes that support hummocks of spinifex grass (Triodia basedowii) and shrubs such as Acacia ligulata, Dodonaea viscosa, Hakea leucoptera, and several species of Eremophila and Grevillea. Rainfall averages 292 mm per year, with two-thirds falling in summer. The mean daily maximum temperature in January is 38.1uC. In July the mean daily minimum temperature is 6.5uC (Bureau of Meteorology 2010) .
Four 1-ha trapping sites were established on spinifexdominated sand dunes in October 1993. Each site consisted of a grid comprising 6 lines of 6 pitfall traps spaced 20 m apart. The 4 sites were located 2-15 km apart. Each pitfall trap consisted of a 5-m drift fence made of aluminum fly wire (window screening) positioned over a length of polyvinyl chloride pipe (16 cm in diameter, 60 cm deep) that was buried flush with the ground. Fly wire was placed underneath the traps to prevent animals from escaping. Upon capture, mammals were given a unique ear-notch for identification purposes. Grids were checked in the mornings and sometimes afternoons for up to 3 consecutive nights. The Astrebla Downs site is located in Astrebla Downs National Park (24u139S, 140u349E), a 200,000-ha conservation reserve located in far western Queensland at the southern end of the Mitchell Grass Downs Bioregion. Situated approximately 50 km west of the Diamantina River and 180 km east of the dune fields of the Simpson Desert, mean annual rainfall is 167 mm. The mean daily maximum temperature in January is 39uC. In July the mean daily minimum temperature is 7uC (Bureau of Meteorology 2010) .
The habitat within Astrebla Downs study site is dominated by deep, self-mulching, cracking clay soils on flat to gently undulating plains. The dominant vegetation is barley Mitchell grass (Astrebla pectinata), and ephemeral grasses such as Dactyloctenium radulans and Iseilema vaginiflorum are seasonally abundant (Gibson 2001) . Numerous ephemeral forb species also are found within Astrebla Downs, including Atriplex spongiosa, A. muelleri, A. lindleyi, Boerhavia diffusa, Euphorbia parvicaruncula, Psoralea cinerea, Salsola kali, and Sida trichopoda. Several natural drainage lines occur within the study site, and Eucalyptus coolibah occurs in the larger of these with the shrubs Acacia victoriae and Senna barclayana present in the smaller drainage lines (Gibson 2001) . Livestock have been excluded from the park since 1996.
Small mammal populations were surveyed using lines of polyvinyl chloride pitfall traps (60 cm deep, 16 cm in diameter, and placed flush with the ground), each line consisting of 7 traps placed approximately 4 m apart. A drift fence of fly wire was run continuously through all traps and extended approximately 2 m past each end. Polyvinyl chloride end caps were placed at the bottom of traps at installation to prevent animals escaping and also to keep traps closed between trapping sessions. Traps were opened for 3 consecutive nights 1-4 times between October 1998 and November 2005, with a trapping effort totaling 1,596 trap nights.
The Bulloo Downs site is a cattle property 140 km southwest of Thargomindah (28u459S, 142u489E) in southwestern Queensland. The dominant landforms in the study area are gently undulating sand plains and low sand dunes that support Acacia shrubs and annual and perennial forbs, with scattered stands of whitewood (Atalaya hemiglauca). Mean annual rainfall is 207 mm, with approximately 40% of precipitation recorded in summer. The mean daily maximum temperature in January is 36.8uC. In July the mean daily minimum temperature is 5.8uC (Bureau of Meteorology 2010) .
Small mammals were surveyed using Elliott live traps (10 3 10 3 30 cm; Elliott Scientific Equipment, Upwey, Victoria, Australia) and pitfall traps (polyvinyl chloride pipe 16 cm in diameter, 60 cm deep) on 8 trapping grids situated at least 1 km apart. Elliott traplines radiated north, south, east, and west from a center peg. Each trapline contained 12 traps placed at 10-m intervals, with a single trap at the peg. Pitfall trap sites consisted of 1 line of 7 pits at 4-m intervals with a continuous (32-m) drift line fence of fly wire connecting the pits (Friend et al. 1989) . Elliott trapping was conducted at 4 sites and pitfall trapping (7 pits/trapline) at 4 other sites. Trapping was conducted over 2 or 3 consecutive nights 1-3 times per year between October 1996 and February 1999, for a total of 4,480 trap nights.
Marra Creek study area was located on the riverine plains of central northern New South Wales on the grazing properties Wirroona (30u229S, 147u219E) and Moranding. The mammal fauna in this study area is depauperate due to a large number of extinctions in the last 200 years (Dickman et al. 1993) . Declines of small mammal species, particularly rodents, in arid Australia have been linked to the presence of invasive red foxes (Vulpes vulpes) and the absence of Australia's largest terrestrial carnivore, the dingo (Canis lupus dingo), which is believed to suppress the abundance of foxes and hence benefit small mammals (Letnic et al. 2009a (Letnic et al. , 2009b (Letnic et al. , 2011 . Among the study sites included in this study, the Marra Creek site was notable as being the only site that was located within the area enclosed by the dingo-proof fence (Letnic et al. 2009a ) and the only site where dingoes were absent. The nearest town to the study area is Carinda. The western boundary of Wirroona is Marra Creek, an intermittently flowing tributary of the Barwon River, 25 km to the north. The study area was used mostly for sheep grazing, with some beef cattle and wheat farming. The site lies on the southern boundary of the summer rainfall belt in the semiarid zone. The mean annual rainfall for the nearest weather station located at Womboin (30u429S, 147u139E) is 399 mm (Bureau of Meteorology 2010) . The average minimum temperature for the winter months is 5.3uC with many nights falling below freezing; summer temperatures often exceed 40uC and have been recorded as high as 48uC (Bureau of Meteorology 2010) .
The dominant landforms in this area are black soil plains, red soil plains, saltbush plains, and riverine forest. The black soil plains situated on black cracking clays support grasslands and open woodlands. The composition of the ground cover vegetation varies markedly, due to variation in rainfall, and is dominated by Eragrostis setifolia (neverfail), Paspalidium jubiflorum (Warrego summer grass), Astrebla lappacea (curly Mitchell grass), Sclerolaena (copperburrs), and saltbushes (Atriplex).
Two 1-ha trapping sites were established in black-soil plains habitat in August 1999 and run 1-3 times per year until December 2001. Each site consisted of 5 trap arrangements that were distributed evenly around the perimeter of each site. Trap arrangements consisted of a 30-m drift fence made of fly wire, positioned over 6 pitfall traps. The pitfall traps were spaced 5 m apart. The pitfall traps were composed of a length of polyvinyl chloride pipe (16 cm in diameter, 60 cm deep), buried flush with the ground. The bottom of each trap was sealed with wire screen to prevent animals from escaping. Traps were checked for 3 consecutive mornings for sessions of 2-4 nights duration and yielded a total of 1,050 trap nights.
Muncoonie Lakes site (25u129S, 138u419E) is located 100 km northwest of Birdsville in the Simpson-Strzelecki Desert biogeographic region. The site consists of dunefields that trend generally northwest to southeast. The interdune areas (swales) comprise a mixture of lakes, claypans, and channels that are subject to seasonal inundation.
The vegetation of the sand dunes around Muncoonie Lakes is dominated by spinifex (Triodia basedowii) and sandhill canegrass (Zygochloa paradoxa). The boundaries between these 2 communities are often sharp. The lower dune slopes are sparsely vegetated by mostly annual forbs and grasses and isolated stands of Acacia shrubs. The lakes and major creek systems are lined by coolibah (Eucalyptus coolabah). The study sites were located on the western side of 2 lakes between the coolibah-lined shore and the crest of a large sand dune (.10 m high). The dune was relatively well vegetated and sloped gently to the edge of the lake. The distance between the dune crest and lake edge varied from 50 m to 450 m. Mean annual rainfall at Muncoonie Lakes is 142 mm.
We surveyed small vertebrates using Elliott and pitfall trapping techniques, sampling primarily the low to mid-dune region. Trap configurations were identical to those used at Bulloo Downs, except that we used 10 trapping sites at 1-km intervals. Five sites were located within canegrass-dominated habitat and 5 within spinifex-dominated habitat. Elliott trapping was conducted at 4 sites (2 in each habitat) and pitfall trapping (7 pits/trapline) at the remaining 6 sites (3 in each habitat). Each trapping session was for 3 consecutive nights (100 Elliott trap nights plus 100 pitfall trap nights), yielding a total trap effort of 11,820 trap nights between October 1996 and June 2000.
Field River study area was located near Gnallan-a-gea Creek at the southern end of the Field River, in the Simpson Desert, western Queensland (23u459S, 138u289E). The dominant landforms are parallel longitudinal sand dunes 8-10 m high that run in a north-northwesterly-south-southeasterly direction. The dunes are spaced 100-1,000 m apart (Letnic and Dickman 2006) . The dune slopes and swales of long unburned areas (.5 years postfire) support hummock grassland dominated by Triodia basedowii. Mean annual rainfall at the nearest long-term recording station (Sandringham: 24u039S, 138u049E) is 137 mm. Daily maximum temperatures in December and January generally are over 40uC. In July daily minimum temperatures frequently are below 5uC.
Two 1-ha trapping sites were established in August 1999. Each site consisted of a grid comprising 6 lines of 6 pitfall traps spaced 20 m apart and was situated in a swale between dunes. The sites were located 1 km apart. The pitfall traps were constructed and arranged in an identical manner to those at Mooraberrie and, when not in use, were closed with lids. Grids were checked in the morning for up to 3 consecutive nights on 2-4 occasions per year between August 1999 and July 2002, yielding a total trapping effort of 2,664 trap nights.
Spotlight counts also were made in each of our 6 study areas to obtain an index of the activity or abundance of predators. The counts coincided with the sampling sessions for small mammals and took place along permanently marked transects 7-14 km in length near (but not at) the trapping grids. Counts were undertaken for 2 or 3 consecutive nights in each area by trained observers standing in the bed of a pickup truck being driven at 10-15 km/h. Sampling intervals varied considerably within and between sites, often being affected by wet weather, but counts usually were started 2-3 h after dusk. Observers recorded sightings of predators in notebooks or on a microcassette recorder, with the perpendicular distance of each animal sighted from the transect estimated to the nearest 10 m, up to 100 m. Medium-sized marsupial predators such as the western quoll (Dasyurus geoffroii) no longer occur in arid Australia, so our main focus was on recording sightings of the dingo (C. l. dingo), and the recently introduced domestic cat (Felis catus) and red fox (V. vulpes).
All procedures throughout the study were carried out under license from the relevant state government agency, with approval from either the relevant industry or University of Sydney Animal Ethics Committee. In addition, procedures were consistent with guidelines approved by the American Society of Mammalogists (Sikes et al. 2011) .
We also included data from previously published data sets. Between 1993 and 2000 Moseby et al. (2006) Monitoring of small mammals at each site was conducted on a single 8-ha trapping grid that comprised 200 Elliott traps and 20 pitfall traps. Traps were opened for 4 consecutive nights at each site once or twice per year between July 1993 and August 2000, with trapping effort totaling 13,200 trap nights at each site. Predator activity on the study grids was monitored using counts of tracks on the trapping grid. Detailed methods and site description information are provided in Moseby et al. (2006) .
Rainfall data.-We used data on rain that fell before and during the study periods in each area as a proxy for resource availability; previous studies have shown that small mammal abundances are correlated with rainfall in the 6 months preceding trapping Letnic et al. 2005) due to the flush of green plant material, seeds, and invertebrates that the rain stimulates (Predavec 1994) . In this study our measure of rainfall was the cumulative amount that fell in the 6 months preceding each trapping session. We used rainfall data for the weather stations nearest to Wiroonona (Womboin), Montecollina Bore (Lindon), Mooraberrie (Mooraberrie), and Pelican Waterhole (Mt. Leonard), which we obtained from the Australian Bureau of Meteorology (2010). For the Astrebla Downs and Bulloo Downs sites we obtained rainfall data from the SILO system, Queensland Centre for Climate Applications (http://www.derm.qld.gov.au/services_ resources/item_list.php?category_id58). We obtained data for Field River and Muncoonie from an automated weather station at each study site.
Analyses.-To detect general patterns in the composition of small mammal assemblages we computed ordinations of small mammal presence or absence among the study areas using nonmetric multidimensional scaling (Clarke 1993) . Similarity indexes were calculated using the Bray-Curtis coefficient and minimum stress configurations computed from 20 starts. We use a 2-dimensional biplot to interpret the results. Analyses were carried out using PRIMER version 5 (Clarke and Gorley 2001) .
Because of low recapture rates (typically ,15%) for all species (Letnic 2002) , we assessed population dynamics using catch-per-unit-effort methods (Caughley 1977) . Trap effort was standardized for each grid for each trapping session by dividing the number of captures by the number of nights that grids were open. Data are expressed as captures per grid night for each species separately and for all species combined. Species richness for each grid for each trapping session was expressed similarly as the number of species caught at each grid divided by the number of nights that grids were open.
Counts of predators along the spotlighting transects were summed and expressed as the number of individuals sighted per kilometer on each sampling occasion, or when the transects conducted within a site did not differ in length as the number of individuals sighted on each sampling occasion. Where track plots were used, indexes of predator abundance were expressed as the proportion of plots that had been visited by predators (Moseby et al. 2006) .
Because the study areas differed with regard to biome and were sampled at different times, we treated each site as an independent observation of the effects of rainfall and predators on mammal assemblages and pooled the results from all sites using meta-analysis (Gurevitch and Hedges 1999) . For each study site Pearson product moment correlations (r) were calculated for 3 pairs of variables: small mammal abundance and rainfall, small mammal abundance and terrestrial predator abundance, and small mammal species richness and rainfall. Fixed effects meta-analysis with a hierarchical schema (Rosenberg et al. 2000) was used to test our a priori hypotheses that 1) small mammal abundance and 2) species richness are correlated positively with cumulative rainfall in the preceding 6 months, and 3) predator abundance is correlated negatively with total abundance. Fisher's Z-transform was used as the metric of effect size. This method estimates effect sizes, which range from 2' to +'. Negative effect sizes indicate a negative effect between the variables of interest, and positive values represent a positive effect; Z 5 0 represents no effect. The mean effect size was considered statistically significant if the biascorrected bootstrapped 95% confidence intervals (95% CIs) calculated from 5,000 simulations excluded zero (Gurevitch and Hedges 1999) . Absolute values of effect sizes in the ranges of 0.2-0.5, .0.5-0.8, and .0.8 indicate small, medium, and large effects, respectively (Rosenberg et al. 2000) . Tests for homogeneity of effect sizes were conducted using the statistic Q. Analyses were undertaken using MetaWin version 2 (Rosenberg et al. 2000) .
RESULTS
Species assemblages.-Nonmetric multidimensional scaling (Fig. 2) revealed trends in the species composition of small mammal assemblages, which showed general correspondence with their geographic position and proximity to one another (Fig. 1) . The Field River site was a clear outlier because of the presence of species associated with hummock grassland habitats typical of more western regions in central Australia, including Sminthopsis youngsoni, Sminthopsis hirtipes, and Dasycercus blythi (Table 1 ). The depauperate mammal fauna at Marra Creek also was a distinct outlier; this site lacked native rodents and was the only site where Sminthopsis murina was captured (Table 1) . A cluster of sites in the center of the ordination had a rich suite of species, including the widespread dasyurids Sminthopsis crassicaudata and Sminthopsis macroura. The more southerly sites dominated by M. musculus and those where Notomys fuscus was captured were located in the lower half of the ordination.
Small mammal and predator dynamics.-The small mammal assemblages at all sites were highly variable in terms of both the numbers of animals caught and species composition (Table 1; Figs. 3-6). Periods of high small mammal abundance tended to be periods when small mammal species richness also was high, although this was not the case at all sites at all times. For example, high captures of Rattus villosissimus were recorded at Astrebla Downs in October and December 1998 when species richness was low (Figs. 3 and 5) . Similarly, at Montecollina Bore large numbers of M. musculus were captured in June and October 1997, but no other mammal species were captured (Figs. 4 and 6) . In general, peaks in small mammal abundance occurred when predator numbers were low, and vice versa (Figs. 5 and 6) . A notable exception to this was at Astrebla Downs where the peak in predator numbers coincided with high capture rates of R. villosissimus (Fig. 5) .
Meta-analyses.-Generally, small mammal abundance was correlated positively with rainfall in the 6 months prior to trapping (Table 2) , although only the correlations for the Mooraberrie and Field River study areas were significant. Overall, rainfall had a consistent (Q 7 5 6.84, P 5 0.45) and weakly positive but significant effect on small mammal abundance (Z 5 0.400, 95% CI 5 0.214-0.667).
Small mammal species richness also was correlated positively with rainfall in the preceding 6 months (Table 2) , although only the correlation coefficient for the Field River site was significant. Overall, a consistent (Q 7 5 5.46, P 5 0.60) and weakly positive correlation existed between small mammal species richness and rainfall in the preceding 6 months (Z 5 0.400, 95% CI 5 0.212-0.596).
Pearson correlation coefficients for the relationship between small mammals and indexes of predator abundance at the time of trapping varied considerably between study areas (Table 3) . When the results from all sites are considered, predator abundance was not correlated with mammal abundance (Z 5 20.133, 95% CI 5 20.340-0.170; Q 7 5 9.78, P 5 0.25). Examination of the data showed that the correlation coefficient for the Astrebla Downs study area was a distinct outlier, with the only significantly positive correlation between mammal abundance and predator abundance, whereas the remaining sites showed weak or negative correlations between these variables (Table 3) . When the Astrebla Downs site was excluded from the analysis, in accordance with hypothesis 3 we found a weakly negative correlation between small mammal abundance and predator abundance (Z 5 20.248, 95% CI 5 20.437-20.094) and little evidence of heterogeneity among effect sizes (Q 6 5 2.65, P 5 0.85).
DISCUSSION
Small mammal abundance and assemblage composition within each of the study areas fluctuated widely over time and were reminiscent of the boom or bust dynamics reported from arid environments elsewhere in Australia and on other continents (Brandle and Moseby 1999; Brown and Ernest 2002; Dickman et al. 1999 Dickman et al. , 2010 Meserve et al. 2003; Mosbey et al. 2009; Pavey et al. 2008) . Such boom or bust population dynamics are characterized by dramatic increases in the abundance of rodent species and their predators following large rainfall events (Letnic et al. 2005; Saunders and Giles 1977) . Intervening drought periods are characterized by the decline of most mammal populations, including predators (Dickman et al. , 2001 ). Below, we evaluate the relationships of indexes of small mammal abundance to rainfall and predator abundance in the context of the 3 hypotheses presented in the ''Introduction. '' In accordance with hypotheses 1 and 2 the meta-analyses revealed positive correlations between small mammal abundance, and species richness and rainfall in the previous 6 months, even though correlations within individual study areas were usually weak. This positive relationship between species richness and primary productivity is suggestive of 2 phenomena: a general increase in species abundances to levels that were detectable using the trapping methods used in this TABLE 2.-Pearson correlation coefficients (r) for cumulative rainfall in the 6 months prior to trapping and small mammal abundance, and for cumulative rainfall in the 6 months prior to trapping and small mammal species richness, in each of the 8 study areas in arid Australia. Number of sampling sessions conducted in each area is indicated by n. * P 0.05; ** P 0.01. study due to increased availability of food resources, and the expansion of species' ranges during periods of high resource availability consistent with the patchy population model (Harrison 1991) . According to this model, species persist during droughts in refuges and disperse throughout the landscape when conditions are favorable.
Although the results presented here are consistent with those of previous studies and the conceptual framework presented by Letnic and Dickman (2010) , the effect of rainfall in the preceding 6 months on the small mammal variables was weak. We can think of several reasons to explain why the observed trends were weaker than expected. First, in our analyses we did not take into account interspecific differences in the intrinsic rate of increase of small mammal species and thus provide only a coarse measure of the responses of mammal assemblages to rainfall events. For example, the introduced rodent M. musculus was the dominant species in several of the study areas and has a shorter breeding cycle and higher intrinsic rate of increase than native rodents or dasyurid marsupials (Breed and Ford 2007) . M. musculus thus can be expected to show more rapid responses to rainfall peaks than native small mammals (Masters 1993) . Second, we did not account for the timing of rainfall in our analyses. Summer rains tend to produce grass growth, but cooler conditions prevalent during winter encourage the growth of ephemeral herbs and forbs rather than grasses (Ludwig et al. 1997) . Because the timing of rainfall events influences the composition of plant assemblages, the season in which rain occurs conceivably could influence the magnitude and timing of small mammal population responses to rainfall events. Third, most of the study areas were located on pastoral properties, so livestock grazing potentially could have dampened the size of resource pulses by reducing the standing crop of vegetation and the seed bank (Letnic 2004) . However, in our analyses we did not control for differences in herbivore activity between sites.
When all sites were considered together the meta-analysis indicated no relationship between small mammal abundance and indexes of the abundance of terrestrial predators. However, the direction and strength of the correlation coefficients indicated that the Astrebla Downs site was a distinct outlier and that when it was excluded the predicted negative correlation between the abundances of small mammals and terrestrial predators was seen. Why were the dynamics at Astrebla Downs different from those observed at the other study areas in showing a positive correlation between predator and mammal abundances? One reason for this difference might be the repeated occurrence of R. villosissimus at this site. This large rodent (90-280 g) undergoes spectacular irruptions and migrations following resource pulses (Crombie 1944; Plomley 1972; Predavec and Dickman 1994) . The reason this species migrates is uncertain; however, typically irruptions of R. villosissimus are associated with large numbers of predators, and previous studies indicate that predators closely track rat populations in both time and space (Letnic and Dickman 2006; Plomley 1972) . Presumably, predators track these migrations due to the high energy rewards provided by preying on these abundant and large rodents. In the other study systems where the rodent species were smaller and did not undertake migrations we presume that increases in predator numbers occurred primarily due to increases in their recruitment in the immediate vicinity of the study sites, rather than tracking of prey numbers in space.
When Astrebla data were excluded, the analyses provided support for the hypothesis that predators suppress small mammal populations. The likely process driving the relationship between small mammal and predator abundances is that the numerical response of predator populations to resource pulses lags behind that of small mammals that have a faster intrinsic rate of population increase. Presumably, predator populations increase due to both migration and successful recruitment. When predator populations peak, small mammal populations can be declining already due to diminishing food resources and disease. The high per capita mortality associated with elevated populations of prey-switching predators that prey heavily on small mammals is likely to prompt rapid declines in small mammal abundance. The hypothesis that predation can suppress small mammal populations also is supported by manipulations of predator abundance, which show that predators can regulate small mammal populations (Meserve et al. 1996 (Meserve et al. , 1999 Moseby et al. 2009; Risbey et al. 2000) . Although predators had a significant negative effect on small mammal abundance, the effect was relatively weak, and it thus is likely that other factors such as food limitation, intraspecific competition, and disease also contributed to small mammal population declines in the wake of resource pulses (Brown and Ernest 2002; Lima et al. 2002; Meserve et al. 1999; Previtali et al. 2009 ).
The corroboration between the assemblage dynamics and the predictions of the model presented by Letnic and Dickman (2010) at 7 of the 8 sites provide moderate support for the idea that the phenomenon of switching trophic control is a unifying principle that can be applied to small mammal assemblages throughout arid Australia. The principal driver behind this phenomenon appears to be the availability of energy. During periods of low productivity it is likely that food resources are sufficient to support low abundances of small mammals, and these assemblages tend to be dominated by dasyurid marsupials that have relatively low metabolic rates (Haythornthwaite and Dickman 2006) ; also, it is likely that food resources are insufficient to support large numbers of terrestrial predators (Dickman et al. 2001; Letnic and Dickman 2010) . Conversely, large rainfall events drive rapid increases in primary productivity that are visually evident by the greening of the desert (Holmgren et al. 2006; Huxman et al. 2004 ). The ensuing surge of food resources and low levels of predation allow for the rapid increase of small mammal populations but frequently appear discontinuous in studies of population dynamics because of irregular sampling and the likelihood of exponential increase in rodent populations.
Predator numbers increase too but lag behind those of small mammals due to their slower rates of increase. During these periods of energy surfeit predators eventually might become so abundant that they can suppress small mammal populations. However, the surfeit of food resources for predators and their prey exists only for a relatively short period of time. When the availability of moisture diminishes, as it inevitably does in arid environments, plants quickly revert to their ''holding'' strategies. From a visual perspective, this is evidenced by the desert turning yellow or brown as ephemeral plants complete their life cycles and senesce. Over time the pulse of vegetation growth is consumed or decays, the system reverts to its typical low-energy status, and once again food becomes the resource limiting populations of small mammals and predators.
Such dramatic temporal fluctuations in primary productivity and animal populations with rapid switching from bottom-up to top-down control have now been described in a wide range of ecosystems. They can occur through time due to climatic fluctuations and in space due to differences in solar insolation, soil productivity, and precipitation (Letnic et al. 2005; Litzow and Ciannelli 2007; Meserve et al. 2003; Oksanen and Oksanen 2000) . Collectively, these studies highlight how top-down and bottom-up control are not mutually exclusive phenomena but, rather, alternative ecosystem states that exist along a continuum of ecosystem energy flux (Oksanen and Okasanen 2000) .
RESUMEN
Las comunidades de mamíferos pequeños en las zonas áridas del hemisferio sur a menudo muestran dinámicas fluctuantes. Estudios previos han atribuido estas fluctuaciones a pulsos en las fuentes de alimento como resultado de las condiciones climáticas, resultando en el cambio de los controles tróficos pasando de una regulación poblacional regida por procesos de limitación por fuentes alimentos (''bottom-up'') a otra regida por procesos de limitación por depredación (''top-down'') y viceversa. En este estudio evaluamos la evidencia acerca de este cambio de control trófico mediante meta-análisis. Si el cambio de control trófico es un fenómeno unificador que da forma a las comunidades de mamíferos pequeños en las zonas áridas de Australia, entonces esperaríamos que la abundancia y riqueza de especies de mamíferos pequeños aumentara con el aumento de la productividad primaria, y que la abundancia de mamíferos pequeños disminuya con el aumento en abundancia de depredadores, la cual debe mostrar un retraso con respecto a la abundancia de mamíferos pequeños. Pusimos a prueba estas predicciones utilizando 6 conjuntos de datos no publicados y 2 publicados, los cuales contienen series interanuales (3-11 años) de mamíferos pequeños y la dinámica de la comunidad de depredadores. Nuestro análisis apoya de forma moderada la noción que el cambio de control trófico es un fenómeno unificador que da forma a la comunidad de mamíferos pequeños. Además, nuestros resultados proporcionan evidencia de que el concepto de procesos de limitación por fuentes alimentos y de limitación por depredación no se refiere a fenómenos mutuamente excluyentes que afecten las comunidades de mamíferos pequeños del desierto, sino estados alternativos del ecosistema que existen a lo largo de un continuo de flujo energético dependiente de las lluvias a lo largo del tiempo.
